Iminosugars that are competitive inhibitors of endoplasmic reticulum (ER) α-glucosidases have been demonstrated to have antiviral activity against a diverse set of viruses. A novel iminosugar, UV-4B, has recently been shown to provide protection against lethal infections with dengue and influenza A (H1N1) viruses in mice. In the current study, the breadth of activity of UV-4B against influenza was examined ex vivo and in vivo. Efficacy of UV-4B against influenza A and B viruses was shown in primary human bronchial epithelial cells, a principal target tissue for influenza. Efficacy of UV-4B against influenza A (H1N1 and H3N2 subtypes) and influenza B was demonstrated using multiple lethal mouse models with readouts including mortality and weight loss. Clinical trials are ongoing to demonstrate safety of UV-4B and future studies to evaluate antiviral activity against influenza in humans are planned.
Introduction
Infection with seasonal, pandemic, and zoonotic influenza viruses can cause significant morbidity and mortality in both healthy and vulnerable populations worldwide. Each year, circulating strains cause three to five million cases of severe influenza, resulting in 250,000 to 500,000 deaths [1] . Influenza remains a major burden despite improved efforts to predict current circulating and antiviral resistant strains, and to develop safe, effective vaccines [2, 3] . A number of direct-acting antivirals have been approved for use in the treatment of influenza infections in humans, including the neuraminidase inhibitors peramivir, zanamivir, oseltamivir and the M2 proton channel blockers amantadine and rimantadine. Resistance to these M2-targeted antivirals is widespread and frequently evinced by mutations of one or several bases, or through segmental recombination with resistant strains. Neuraminidase inhibitor-resistant variants have also been shown to quickly arise from within generated virus quasi-species [4, 5] . New approaches utilizing host-directed antivirals that do not expose virus to direct selective pressure (as do direct-acting antiviral agents) allow sustained clinically effective therapy against seasonal, pandemic and epizoonotic influenza [4, 6, 7] .
Iminosugars have been described as broad-spectrum antiviral inhibitors [8] . The proposed antiviral mechanism of action for iminosugars is as competitive inhibitors of endoplasmic reticulum (ER) α-glucosidases I and II [9, 10] . These are host cell enzymes that remove glucose residues from high-mannose N-linked glycans attached to glycoproteins, allowing for proper protein folding and transport within the cell [11] . Multiple phylogenetically unrelated viruses utilize this cellular pathway to acquire enveloped glycoproteins via ER budding and have been shown to be sensitive to glucosidase inhibition [9] . Inhibition of α-glucosidase I and II is hypothesized to lead to viral glycoprotein misfolding and subsequent transport of the misfolded glycoprotein to the proteosome for degradation and elimination. The iminosugar UV-4, N-(9-methoxynonyl)-1-deoxynojirimycin, is an inhibitor of both glucosidase I and II and has recently been shown to be a potent antiviral drug against dengue (DENV) and influenza viruses in vivo [12] [13] [14] . Recently, we described the efficacy of UV-4B (a hydrochloride salt of UV-4) against lethal infection with a mouse-adapted oseltamivir-sensitive influenza A/Texas/36/91 (H1N1) and an oseltamivir-resistant strain of influenza A/Perth/261/2009 (H1N1) [12] . Additional activity of UV-4B against influenza viruses is described here.
Materials and Methods

Cytotoxicity Assessment of UV-4B
The in vitro cell cytotoxicity (50% cytotoxic concentration, or CC 50 ) of UV-4B, whose structure is shown in Figure 1 , was evaluated using EpiAirway™ (Mattek) tissues (primary differentiated normal human bronchial epithelial cells (dNHBE cells)). The tissues were shipped in transwell 96-well plates and used after overnight incubation in the supplied medium. UV-4B was serially diluted 2-fold starting at 500 µM. The transwell insert with the EpiAirway™ tissue and the culture medium were removed from the carrier plate. Fifty (50) µL of the compound dilutions and 200 µL of assay medium were added to the carrier plate. The transwell insert was replaced after rinsing the tissues once with 100 µL of PBS. The tissue was rinsed with 100 µL PBS and the compounds were replaced daily. Cytotoxicity was determined after 72 h using the CellTiter-Glo ® kit (Promega). The tissues were rinsed as before and 100 µL of medium were added, followed by 100 µL of the CellTiter-Glo ® buffer. Plates were placed on a shaker for two minutes and then incubated for 10 min at ambient temperature. The lysate was transferred to black-walled 96-well plates and luminescence was read in the Tecan reader. Cytotoxicity was determined using untreated tissue as 0% cytotoxic effect and 20% DMSO-treated tissue as 100% cytotoxic effect. 
Antiviral Activity in Primary Differentiated Normal Human Bronchial Epithelial (dNHBE) Cells
The virus inoculum was applied to the apical side of each cell insert for 1-2 h, then removed and the apical side washed with 500 uL of HEPES buffer solution. UV-4B, oseltamivir or ribavirin as positive control compounds or media only were applied to both the apical and basal sides of the dNHBE cell system (Mattek (EpiAirway™)) for one hour. The apical medium was removed and the basal side was replaced with fresh compound daily. Virus was harvested from cells after 3 days and samples were cryopreserved. Later, virus yields were determined by endpoint dilution titration in Madin-Darby canine kidney (MDCK) cells. For each concentration, 90% inhibitory concentration (IC 90 ) values were determined by regression analysis based on one to three replicate test wells.
Efficacy of UV-4B in Lethal Mouse Models
Groups of 10 BALB/c mice, weighing 17-20 grams at study initiation, were administered doses of 50, 75, 100, or 150 mg/kg by oral gavage TID (eight hour intervals) for 7 to 10 days starting one hour prior to infection. Control groups treated with oseltamivir or vehicle only were included in each study. Under anesthesia, mice were intranasally infected with~1 LD 90 of a given virus. Mice were observed for mortality and weight loss for 14 to 21 days. Animals displaying severe illness (>30% weight loss, extreme lethargy, or paralysis) were euthanized. For the in vivo studies, concentrations and doses of UV-4B are expressed as the active free base form, UV-4. UV-4B was solubilized in sterile water and administered, 100 µL per dose.
Results
The dNHBE cell system has recently gained attention for the ability to recapitulate hallmarks of influenza infections in humans [15, 16] . Therefore, dNHBE cells from Mattek (EpiAirway™) were used for cytotoxicity and antiviral evaluations of UV-4B. UV-4B was not cytotoxic at the highest concentrations tested (CC 50 > 500 µM, Figure 2 ). To demonstrate the antiviral effect of UV-4B on a relevant cell type, dNHBE cells infected with influenza A and B viruses were treated with increasing concentrations of UV-4B. Supernatants were collected and virus yield reduction was quantitated by endpoint dilution assays in MDCK cells. The 90% inhibitory concentration (IC 90 ) was calculated by the Reed-Muench method. Antiviral activity against influenza A (H3N2) and against some influenza A (H1N1) and influenza B viruses was demonstrated with high concentrations of UV-4B in the primary dNHBE cell culture system with IC 90 ranging from 82 to >500 µM (Table 1) .
Given the broad range of activity of UV-4B against influenza strains, and the fact that we had previously demonstrated that UV-4B protected in vivo against lethal infections with the diverse influenza A (H1N1) strains, Texas/36/91 and oseltamivir-resistant Perth/261/2009 (H1N1pdm09); in vivo testing against additional influenza viruses was done. Significant improvements in survival following infection with influenza A/California/04/09 (H1N1pdm09) virus [17] were observed in all mice receiving any dose of UV-4B or oseltamivir (p < 0.01 to p < 0.0001, Figure 3A) . Mice in the 50 mg/kg/dose group died significantly later in the infection, at an average of 10.5 days, as compared to the placebo group (~8 days, p < 0.01, Figure 3A) . The minimum effective dose (MED) of UV-4B that led to 100% survival against influenza A/California/04/2009 (pdm H1N1) was 75 mg/kg and the 50% MED was less than the lowest dose tested (50 mg/kg, 80% survival). All mice infected with influenza A/California/04/09 (H1N1 pdm09) virus lost weight (placebo, UV-4B or oseltamivir, Figure 3B ). All doses of UV-4B significantly protected against weight loss from Days 4-7 compared to placebo-treated mice (p < 0.05 to p < 0.0001). Amelioration of weight loss by UV-4B was comparable to oseltamivir treatment (p < 0.01 to p < 0.0001) eight loss for the entire experiment, in prolonging mean time to death, and in promoting survival. BALB/c mice infected with influenza A/New Caledonia/20/99 [18] showed 80% survival when treated with 150 mg/kg TID of UV-4B, while 0% survived in placebo (p < 0.001, Figure 3C ). The survival curve ( Figure 3C ) showed a significant (p < 0.01) dose-related response with UV-4B. Weight loss was observed in all infected test groups, but was significantly ameliorated in mice treated with UV-4B or oseltamivir compared with placebo ( Figure 3D ). The weight loss in animals treated with all doses of UV-4B was similar to that of oseltamivir-treated groups up to Day 8 or 9 post-virus exposure, with recovery faster in the oseltamivir-treated group ( Figure 3D ). Complete (100%) protection from lethal influenza A/New Caledonia/20/99 (H1N1) virus disease was not observed in this study. The highest dose of 150 mg/kg provided 80% survival and the 50% MED for lethality was 50 mg/kg ( Figure 3C ). The efficacy of UV-4B was also tested in a lethal mouse model of influenza A/Pennsylvania/10/2010 (H3N2) swine variant strain virus [19] . The most effective dose of UV-4B in promoting survival of infected mice was 75 mg/kg (90% survival, Figure 4A) . The 50, 100, and 150 mg/kg doses of UV-4B were not as effective as the 75 mg/kg dose; survival levels in these groups were 30%, 50% and 70%, respectively ( Figure 4A ). Significant differences in survival were noted for mice treated with UV-4B at dose levels of 150 (p = 0.0003), 75 (p < 0.0001) and 50 (p = 0.0053) mg/kg but not at the 100 mg/kg dose level (p = 0.0844). Fifty percent (50%) of mice survived when treated with oseltamivir (p = 0.0003); deaths in this group occurred only on Day 8 post-virus exposure; mice administered UV-4B at dose levels ě75 mg/kg had similar levels of protection (ě50%) to oseltamivir-treated mice ( Figure 4A ). Untreated, infected mice experienced far greater weight loss and demonstrated more morbidity than did mice receiving UV-4B at all doses or oseltamivir until after Day 9 post-virus exposure ( Figure 4A,B) . The amelioration of weight loss in treated groups was significant (p < 0.05 to p < 0.01) for all treated mice at Days 1 and 2 post-infection ( Figure 4B ). UV-4B treatment at 50 and 150 mg/kg/dose and treatment with oseltamivir, consistently prevented the significant weight loss observed in untreated mice through Day 6 (p < 0.05 to p < 0.0001). Between Days 7 and 8, mice in all groups began recovery from weight loss, although no group returned to their starting weight by the end of the experiment, Day 14 ( Figure 4B) . BALB/c mice infected with influenza B/Sichuan/379/99, Yamagata lineage [18] were fully protected from death when treated with UV-4B at 150 mg/kg ( Figure 4C ). Mice treated with 100 mg/kg survived significantly better (50% survival) than did the placebo-treated mice (0% survival) ( Figure 4C) . A significant survival benefit was also observed in the group of mice treated with 75 mg/kg of UV-4B, while survival results in mice treated with 50 mg/kg were nearly identical with the placebo control ( Figure 4C ). Weight loss was observed in all infected test groups, but was significantly less in mice treated with ě75 mg/kg of UV-4B or oseltamivir ( Figure 4D) . A clear dose-related response with increased survival benefit was observed. The 100% MED for UV-4B against the influenza B/Sichuan/379/99 strain was 150 mg/kg of UV-4B and the 50% MED was 100 mg/kg of UV-4B ( Figure 4C ). 
Discussion
In the current studies, antiviral activity of UV-4B against influenza A and B viruses was shown in primary dNHBE cells, the principal target tissue for influenza. In this ex vivo cell culture system, inhibition of replication of influenza A (H1N1, H3N2) and influenza B strains was demonstrated at high concentrations (82 to > 500 µM). Our findings agree with previous glucosidase inhibitor studies with castanospermine, bromoconduritol, N-butyl-deoxynojirimycin and N-nonyl-deoxynojirimycin where viral replication inhibition was variable between virus subtypes and strains. In these previous studies, strain-and cell type-dependent inhibition occurred despite clear effects on glycosylation of influenza virus structural proteins [20] [21] [22] [23] [24] [25] . Using single-dose pharmacokinetics such as reported in [13] , modeling of the pharmacokinetics expected on a three-times-daily dosing schedule at the efficacious doses reported here predicts in vivo trough plasma levels in the low micromolar range. This is 25-to 150-fold lower than the in vitro IC 90 values, indicating that for UV-4B the in vitro IC 90 values are not a reliable predictor of pharmacodynamic activity.
In addition to broad ex vivo antiviral activity using dNHBE cells, the efficacy of UV-4B against influenza A (H1N1 and H3N2 subtypes) and influenza B has now been demonstrated using multiple lethal mouse models. The efficacy of UV-4B was evaluated against lethal infections with mouse-adapted [12] . The frequency, MED, and therapeutic window were determined based on survival analysis in the mouse-adapted influenza A/Texas/36/91 (H1N1) model [12] . UV-4B treated mice were also tested for virus titers in serum and lung tissues and cytokine responses in the serum of infected mice [12] . The 100% MED for UV-4B in lethal mouse models of influenza A (H1N1) appears to be 75-150 mg/kg when given TID orally. Treatment can be initiated as late as 72 h after infection to achieve a statistically significant survival benefit with UV-4B treatment [12] . Additional studies were performed to demonstrate antiviral activity against influenza A (H3N2) and B viruses in lethal mouse models.
Previous work has demonstrated efficacy against a broad range of dengue viruses in vitro and in vivo [13, 14] . The in vitro concentrations and in vivo dosing regimens required for antiviral activity against dengue virus appear to be lower than those required for efficacy against influenza. In a dengue mouse model of antiviral efficacy for UV-4, lower doses are required for complete protection from lethal disease (10-20 mg/kg) [13, 14] . The 50% inhibitory concentration (IC 50 ) values for UV-4B were recently shown to range from 2.10 µM (DENV1 SH29177) to 86.49 µM (DENV3 H87) amongst isolates from the four serotypes that were tested. Taken together, our data establish that UV-4B is a broad inhibitor of both dengue and influenza viruses. UV-4B is currently in Phase 1 clinical trials [26] where it has been found to be well-tolerated as single oral doses in healthy volunteers. Future safety and efficacy studies of UV-4B against dengue and influenza in humans are planned.
